dimethylarginine, whereas type II PRMTs catalyze the formation of symmetric N G ,NЈ G -dimethylarginine. Type III enzymes catalyze only the monomethylation of arginine residues in proteins (64) . It remains unclear, however, whether such enzymes are dedicated for the catalysis of -N G -monomethylarginine or if the modified monomethylarginine is an intermediate to additional steps of methylation. A less common form of methylarginine is one in which the delta (␦) nitrogen atom of arginine residues is modified by type IV PRMTs (Fig. 1A) . As yet, protein arginine methylation by the type IV PRMTs has been characterized only in Saccharomyces cerevisiae (67) and is less abundant than protein arginine methylation of the guanidinium nitrogen.
In humans, nine PRMTs have so far been identified ( Fig.  1B) : the type I arginine methyltransferases PRMT1, PRMT3, PRMT4, PRMT6, and PRMT8, as well as those of type II, PRMT5, PRMT7, and PRMT9. Although PRMT2 demonstrates a significant degree of similarity to PRMT1, no enzymatic activity has yet been described for human PRMT2 (83) . As can be seen in Fig. 1B , the primary structure of each PRMT shares a conserved methyltransferase domain that includes subdomains for binding to the methyl donor, S-adenosyl-L-methionine (SAM) and substrate proteins.
PROTEIN ARGININE METHYLATION IN UNICELLULAR EUKARYOTES
Although evidence for protein arginine methylation was reported for Leishmania (71) and Trypanosoma (103) species, the evolutionary conservation of human PRMTs in unicellular eukaryotes has not been thoroughly investigated. With the recent sequencing and annotation of genomes from several unicellular eukaryotes, it is now possible to identify and characterize homologs of the different human PRMTs in various species. Table 1 presents an overview of the evolutionary conservation of each human PRMT in 10 unicellular eukaryotes, including yeasts, molds, amoebae, and protozoa. This analysis reveals that PRMT1, PRMT3, and PRMT5 are the arginine methyltransferase-encoding genes that were most strictly conserved throughout eukaryotic evolution. Furthermore, it can be seen that PRMT2, PRMT8, and PRMT9 do not appear to have homologs in any of the unicellular eukaryotes shown in Table  1 . These three methyltransferases may have evolved as a requirement for tissue-specific functions in multicellular organisms. Accordingly, Northern blotting analyses of PRMT2 and PRMT8 demonstrate tissue-specific mRNA expression (46, 83) . Conversely, the PRMT1, PRMT3, PRMT4, PRMT5, and PRMT6 mRNAs are more widely expressed in human tissues, and proteins with homology to some of these methyltransferases can be identified in unicellular eukaryotes (Table 1) . Gene products with low amino acid sequence similarity to human PRMT7 were also found in Leishmania major and Trypanosoma brucei ( Table 1 ). The current state of knowledge about the biology of the highly conserved methyltransferases PRMT1, PRMT3, and PRMT5 will be discussed in the next sections.
PROTEIN ARGININE METHYLTRANSFERASE 1
The first studies reporting a gene product with protein arginine methyltransferase activity were published in 1996 after the identification of the budding yeast heterogeneous nuclear ribonucleoprotein (hnRNP) methyltransferase 1 (HMT1, or RMT1) (29, 37) and of human PRMT1 (54) . Amino acid analysis by ion exchange chromatography indicates that PRMT1 is the methyltransferase responsible for the majority of asymmetric dimethylation (aDMA) in budding yeast (29) , trypanosomes (73) , and human cells (72) . Consistently, yeast PRMT1 is an abundant protein with approximately 37,600 molecules/cell as determined by quantitative immunoblotting (30) . Such a level is comparable to the number of specific translation initiation factors and proteins involved in ribosome assembly (30) . Structures of PRMT1 from budding yeast and humans have also been resolved by X-ray crystallography (99, 107) . Both crystals reveal the formation of a dimer ring that is characterized by a large acidic cavity at the dimer interface. This acidic cleft forms a binding surface that targets arginines of positively charged arginine-rich regions of substrate proteins for methylation. Consistently, structure-function analyses reveal that dimerization is essential for PRMT1 function, as substitutions that replace the helix-loop-helix domain involved in dimer formation lead to a loss of catalytic activity and function in vivo (99) . The oligomerization of PRMTs has also been proposed to favor enzymatic processivity whereby monomethylated arginines could be dimethylated by adjacent active sites without substrate release (107) .
PRMT1 is found in the cytoplasm and the nucleus of both yeast and human cells (5, 30, 93) . The pathway by which it is imported into the nucleus, however, remains to be determined, as PRMT1 appears to lack a nuclear localization signal. One possibility is that PRMT1 is indirectly imported into the cell nucleus via association with unmethylated substrates. Such a model is supported by mobility assays of live human cells that demonstrate nuclear accumulation of PRMT1 upon the inhibition of cellular methylation (38) .
Our knowledge about the biochemistry and biology of PRMT1 is best understood from studies of the budding yeast Saccharomyces cerevisiae. In this organism, two main functions have been ascribed to PRMT1: mRNA biogenesis and hetero- b The percentages of identity were derived after amino acid sequence alignments using ClustalW (www.ebi.ac.uk/services). ND, not determined. ?, a gene product with low amino acid sequence similarity to this human PRMT has been found in this organism (see text). chromatin formation. One of the first demonstrations of the functional consequence of PRMT1-dependent arginine methylation was on the kinetics of nucleocytoplasmic transport. Using a temperature-sensitive strain with a substitution in a nucleoporin that blocks only nuclear import, it was demonstrated that nuclear export of the yeast RNA-binding proteins Npl3, Hrp1, and Nab2 is perturbed in PRMT1-null cells (34, 85) . Subsequent studies with humans showed that PRMT1 affects the subcellular localization of a number of PRMT1 substrates (21, 66, 89) . Additional insights into the biological role of PRMT1 have recently been obtained from genomewide studies of yeast. A combination of chromatin immunoprecipitation assays (ChIP) and whole-genome microarrays indicate that PRMT1 is recruited to actively transcribed genes and that arginine methylation modulates the recruitment of different PRMT1 substrates during mRNA synthesis (104) . Accordingly, the kinetics of transcript release from sites of transcription are delayed in PRMT1-null cells (104) . Since an important biochemical effect of arginine methylation is the regulation of protein-protein interactions (59, 100, 104) , these studies suggest that arginine methylation by PRMT1 is involved in modulating the architecture of mRNA synthesis for the proper release of messenger RNPs from sites of transcription and subsequent nuclear export. Therefore, the nuclear accumulation of specific RNA-binding proteins in PRMT1-null cells may be explained in part by the effect of PRMT1 on mRNA production, as several PRMT1 substrates exit the nucleus in association with polyadenylated mRNAs (34, 49) .
Regulation of RNA-binding proteins by PRMT1-dependent arginine methylation was also described in fission yeast. In this organism, PRMT1 modulates the oligomerization level and the growth inhibitory effect of the S. pombe homolog of the human nuclear poly(A)-binding protein (PABP2) (74) . These findings are significant, given the suspected role of PABP2 oligomerization in the formation of nuclear aggregates found in oculopharyngeal muscular dystrophy, a syndrome linked to mutations in the human PABP2 gene. Therefore, fission yeast should prove to be a useful model system with which to understand the biological significance of PABP2 methylation at arginines.
Recently, a role for PRMT1 in the establishment and maintenance of silent chromatin was demonstrated with budding yeast (105) . Transcription profiles from PRMT1-null cells indicate upregulation of RNAs expressed near telomere-proximal regions, mating loci, and ribosomal DNA repeats. Since these chromosomal regions are normally condensed into silent chromatin (80) , these data suggest defects in the formation of such chromatin structure in PRMT1-null cells. Accordingly, a survey of silent loci occupancy by ChIP assays reveals a reduction in the recruitment of the silent information regulator 2 (Sir2) as well as a corresponding increase in acetylated histone H4 in a strain that expresses a catalytically inactive version of PRMT1 (105) . The role of histone H4 arginine-3 methylation in PRMT1-dependent heterochromatin formation has been proposed (105); yet, it remains unclear whether PRMT1 is the methyltransferase responsible for this specific modification of histone H4 in yeast (45) . A role for PRMT1 in the maintenance of genomic integrity in humans was also reported. From a proteomic screen for arginine methylated substrates in human cells (11), it was demonstrated that the arginine-rich domain of the human DNA endonuclease, MRE11, is arginine methylated by PRMT1 (12) . Significantly, a decrease in MRE11 methylation results in defective S-phase checkpoint control (12) . The evolutionary conservation of this PRMT1 function in unicellular eukaryotes seems unlikely, however, as arginine-rich domains do not appear to be present in yeast homologs of MRE11.
Given the important cellular roles played by PRMT1 and the conservation of the PRMT1 gene in eukaryotes (Table  1) , it is surprising to learn that expression of this gene is not required for cell viability in yeasts and mammals (5, 29, 37, 72) . Nevertheless, PRMT1 is essential during development as mice in which PRMT1 expression has been significantly reduced die during embryogenesis (72) . PRMT1 also appears to play an important role in the Trypanosoma life cycle. A recent chromosome-wide screen for gene function in Trypanosoma brucei indicates growth impairment and nuclear defects in the bloodstream form of the parasites after depletion of PRMT1 expression via RNA interference (90) . However, this growth defect is not observed in the procyclic form of the parasites (73) . It appears unlikely that this stage-specific growth defect is explained by the role of PRMT1 in T. brucei mitochondrial gene expression (33) , as mitochondrial activity is significantly reduced in the bloodstream form of T. brucei (8, 9) .
PROTEIN ARGININE METHYLTRANSFERASE 3
The conserved methyltransferase core domain of PRMT3 was the first PRMT structure obtained (108) . This structure suggested that a putative dimer interface is involved in the mechanism for the methylation reaction (108) . As mentioned previously, the formation of a dimer ring was later confirmed after the structure of PRMT1 was resolved (99, 107) . Human PRMT3 was originally identified from a two-hybrid screen that used PRMT1 as a bait protein (93) . The formation of PRMT1/ PRMT3 oligomers is unlikely, however, as these methyltransferases do not appear to cofractionate as determined by gel filtration chromatography (93) . Searches for arginine methyltransferase homologs in eukaryotic lineages reveal that PRMT3 is not as strictly conserved as PRMT1 (see Table 1 ). Genes with significant homology to the PRMT3 gene are found in S. pombe and Drosophila melanogaster but not in S. cerevisiae and Caenorhabditis elegans (5) . Homologs of PRMT3 can also be identified in other unicellular eukaryotes, such as Cryptococcus, Aspergillus, Neurospora, and Toxoplasma species (Table  1) .
PRMT3 is a cytosolic protein that contains a single C 2 H 2 -type zinc finger domain in the amino-terminal part of the protein that is conserved among rats and humans (93) . The cytoplasmic localization and the zinc finger domain are also features of the fission yeast homolog of mammalian PRMT3 (5) . Truncation of the amino-terminal region of PRMT3, including its zinc finger motif, results in an enzyme that can methylate arginine residues of a recombinant substrate but cannot methylate substrates from a total cell extract (25) . Based on these results, it was concluded that the zinc finger domain is key for PRMT3 substrate selectivity. Interestingly, amino acid sequence alignments between PRMT3 homologs indicate that the zinc finger domain of PRMT3 is not strictly VOL. 6, 2007 MINIREVIEW 891 conserved. As can be seen in Fig. 2 , the canonical cysteine and histidine residues that constitute the zinc finger motif are not conserved in PRMT3 from Neurospora, Aspergillus, and Cryptococcus species. Based on the lack of conservation in the zinc finger domain, the Aspergillus nidulans RmtB methyltransferase was previously classified in a separate group within the PRMT family (95) . Despite the lack of conservation in the zinc-binding cysteine and histidine residues of the predicted PRMT3 homologs from N. crassa, A. nidulans, and C. neoformans, their amino-terminal domains demonstrate significant homology in terms of amino acid identity and spacing for two blocks of highly conserved residues. These blocks are referred to as conserved region 1 (CR1) and CR2 (Fig. 2) . In addition, the overall percentages of identity of PRMT3 between humans and N. crassa, A. nidulans, and C. neoformans (33, 36 , and 32%, respectively) are similar to the identity calculated after alignments of human PRMT3 and its characterized S. pombe homolog (33%). Based on the strong similarities of their aminoterminal domains and the overall percentage of identity, it is therefore likely that the discussed methyltransferases from N. crassa, A. nidulans, and C. neoformans are closely related to the PRMT3 methyltransferase. The first insight into the biological role of PRMT3 was obtained from studies of fission yeast. Tandem affinity purification coupled with mass spectrometric protein identification indicates that specific components of the translation machinery copurify with S. pombe PRMT3. Accordingly, the 40S ribosomal protein S2 (rpS2) was the first physiological substrate of PRMT3 to be identified (5) . This role of PRMT3 in rpS2 methylation is evolutionarily conserved (91) and likely suggests a significant role for PRMT3 in ribosome function among eukaryotes. Indeed, the deletion of the PRMT3 coding sequence in fission yeast produces unmethylated rpS2 and yields an imbalance in the 40S/60S ribosomal subunit ratio (5). Significant changes at the levels of monosomes and polysomes are not seen, however, consistent with the absence of growth defects in PRMT3-null cells. In a recent study, the genome-wide biological response of PRMT3-null cells to the ribosomal subunit imbalance was investigated. Whereas hardly any changes were noted at the transcriptional level in PRMT3⌬ cells, nearly all of the 40S ribosomal protein-encoding mRNAs showed increased ribosome density in PRMT3-null cells (4) . Sucrose gradient analysis also indicated that PRMT3⌬ cells have reduced levels of small ribosomal subunits (4). These findings thus suggest that PRMT3-null cells respond to a small ribosomal subunit deficit by upregulating the translational effi- Ribosomal proteins are subject to a variety of posttranslational modifications including acetylation, ubiquitination, phosphorylation, and methylation (50, 56) . In fact, asymmetric dimethylarginine is the predominant methylated amino acid in both the eukaryotic 40S and 60S ribosomal subunits (15) . Arginine methylation of ribosomal proteins is evolutionarily conserved among eukaryotes (44, 51, 78) and fluctuates during the cell cycle (14) . Ribosomal proteins can also be modified by lysine methylation, and methyltransferases that catalyze such modifications in ribosomal proteins were recently identified in eukaryotes (75, 76) . Interestingly, internal ribosome entry site (IRES)-bound ribosomes contain a different methylation pattern than native ribosomes (106), suggesting a role for methylation in translation control. It will be of great interest to study the role of ribosomal protein methylation, given the evolutionary conservation of this modification. Similar to posttranslational modifications of nucleosomal histones (41), ribosome heterogeneity via combinations of ribosomal protein modifications may represent a key layer of gene regulation by controlling translation of specific cellular transcripts.
PROTEIN ARGININE METHYLTRANSFERASE 5
Every multicellular eukaryote from which the genome has been sequenced and annotated appears to encode the type II methyltransferase PRMT5. As can be seen in Table 1 , the evolutionary conservation of the PRMT5 gene among unicellular eukaryotes is significant. The fungus Candida albicans appears to be an exception, however, as a gene with homology to PRMT5 could not be found (96 and Table 1 ). Given the significant conservation of PRMT5 across eukaryotic species, it is possible that C. albicans uses another gene product to accomplish the evolutionarily conserved function of the PRMT5 methyltransferase.
Although this evolutionary conservation suggests a key functional role for PRMT5, deciphering the biological function of this methyltransferase has been challenging. A number of studies of PRMT5 have been published, using different model organisms, including budding and fission yeasts, Drosophila, Xenopus, and human; yet, an evolutionarily conserved function for this methyltransferase remains elusive. Whereas the apparent budding and fission yeast homologs of PRMT5, histone synthetic lethal 7 (Hsl7) and Shk1-binding protein 1 (Skb1), respectively, demonstrate catalytic activity in vitro (6, 47, 94) , a physiological substrate for PRMT5 has yet to be identified in these unicellular eukaryotes. Furthermore, recent evidence indicates that Hsl7 catalyzes only the formation of monomethylarginine in vitro, as the formation of symmetrical dimethylarginine was not detected using a variety of artificial substrates (64) . This is in contrast to mammalian cells where evidence strongly supports the PRMT5-dependent formation of symmetrical dimethylarginine in several proteins, including specific Sm proteins of the small nuclear ribonucleoprotein core particle (10, 27, 63) , the Coilin protein (10, 36) , histones H3 and H4 (70) , and the methyl-DNA binding domain protein 2 (92) . It is unclear whether any of these proteins represent evolutionarily conserved PRMT5 substrates such as rpS2 for PRMT3 (5, 91) and PABP2/PABPN1 (74, 88) or fibrillarin/Nop1 (53, 101) for PRMT1. Therefore, the search for endogenous substrates of the PRMT5 methyltransferase in unicellular eukaryotes is ongoing. Alternatively, PRMT5 homologs in some unicellular eukaryotes may have evolved functional roles independent of methyltransferase activity, as appears to be the case with S. cerevisiae (see discussion below).
Functionally, biochemical and genetic evidence link S. cerevisiae Hsl7 and S. pombe Skb1 to regulatory steps of the cell cycle at the G 2 /M transition. However, both genes appear to control different molecular events such that Hsl7 and Skb1 have been reported as positive and negative regulators, respectively, of the G 2 /M transition. The HSL7 gene was originally identified in a genetic screen designed to identify secondary mutations that are lethal when combined with a deletion of the amino-terminal tail of histone H3 (57) . HSL7-null cells are viable but show elongated buds and a delay in the G 2 phase of the cell cycle (57) . In S. cerevisiae, mitotic entry is promoted by the inactivation of the Swe1 kinase, which phosphorylates and inhibits the cyclin-dependent kinase Cdc28 (48) . The current data on Hsl7 suggest the following model: a direct interaction between the Hsl1 kinase (identified in the same synthetic lethal screen as Hsl7) and Hsl7 leads to the Hsl1-dependent localization of Hsl7 to bud necks (17, 87) . Phosphorylation of Hsl7 by Hsl1 also appears to be important for tethering Hsl7 to bud necks, as a kinase-dead version of Hsl1 perturbs this specific localization of Hsl7 (94) . A physical interaction between Swe1 and Hsl7 at the G 2 /M stage would recruit increasing concentrations of Swe1 to bud necks (17, 55, 61, 62) to trigger sequential phosphorylation of Swe1 by bud neck-localized kinases, including Cla4 and the polo-like kinase, Cdc5 (3, 81, 87) . This highly phosphorylated form of Swe1 undergoes efficient degradation (3, 81) , presumably via the ubiquitin-dependent proteasome pathway (42) . Therefore, deletion of HSL7 results in a constitutively activated morphogenesis checkpoint control in budding yeast due to Swe1 accumulation at the G 2 /M phase and a consequent impairment in budding.
Significantly, catalytically inactive versions of Hsl7, as confirmed by in vitro methyltransferase assays, rescue the elongated bud phenotype of HSL7-null cells (17, 94) . This is in contrast to a report suggesting that the protein methyltransferase activity of human PRMT5 is required in yeast for complementation of the budding defect of HSL7-null cells (47) . The expression of the catalytically inactive version of human PRMT5 was not confirmed in this study, however. Therefore, the available data for the role of Hsl7 in the morphogenesis checkpoint control would strongly suggest that the methyltransferase activity of Hsl7 is not required.
Although the role of Hsl7 in cell cycle control is fairly well understood, the molecular basis for the genetic interaction between HSL7 and histones has remained unclear for over a decade after its discovery. A recent study shed some light on these poorly understood genetic interactions. It was shown that a number of genes encoding chromatin-modifying enzymes, including the acetyltransferases Gcn5 and Esa1, the deacetylase Rpd3, and the lysine methyltransferase Set1, result in (79) . Whereas the enzymatic activity of Rpd3 and Gcn5 are required in HSL7-null cells, the methyltransferase activity of Hsl7 is dispensable in RPD3⌬, SET1⌬, and GCN5⌬ cells. Furthermore, deletion of the SWE1 gene suppresses all of the synthetic lethal interactions between HSL7 and the above-mentioned chromatin modifiers. These data suggest that the molecular basis for the synthetic lethality between Hsl7 and histones results from the inability to trigger a transcriptional response via specific chromatin modifications to circumvent the constitutive morphogenesis checkpoint that is activated in HSL7-null cells. This transcriptional response would require chromatin modifications at the amino-terminal tail of histones H3/H4 that are mediated, at least in part, by Gcn5, Rpd3, Esa1, and Set1 but do not appear to involve histone methylation by Hsl7. This is consistent with the lack of Hsl7-dependent methylation observed upon amino acid analyses of endogenous yeast histones (64) . Therefore, whether Hsl7 acts enzymatically in S. cerevisiae remains to be established. In the fission yeast S. pombe, the homolog of human PRMT5 was originally identified as an Shk1-binding protein (Skb1) via a two-hybrid screen (32) . Shk1 is the fission yeast homolog of the S. cerevisiae Ste20 and of the mammalian p21-activated kinase (58) , two kinases that are involved in Ras-dependent signaling cascades. As for S. cerevisiae Hsl7, Skb1 expression is not essential for cell viability. Compared to normal fission yeast, however, SKB1-null cells have a less elongated morphology (32) . Conversely, whereas overexpression of Skb1 in fission yeast does not appear to affect growth, it leads to hyperelongated cells (31, 32) . These phenotypes are consistent with Skb1 being a negative regulator of mitosis. Accordingly, Gilbreth et al. (31) demonstrated that deletion of the SKB1 gene partly suppresses the cell cycle block in G 2 that normally occurs upon inactivation of Cdc25, the phosphatase targeting Wee1 (Wee1 is the homolog of the S. cerevisiae Swe1). Furthermore, the hyperelongated cell phenotype observed upon increasing SKB1 gene dosage is dependent on the mitotic regulator Wee1 (31) . Because catalytically inactive versions of Skb1 were not assayed in these experiments, it remains unknown whether the methyltransferase activity of Skb1 is required for cell cycle control in fission yeast. Therefore, despite the observations where Skb1 and Hsl7 both regulate the transition between the G 2 and M phases of the cell cycle, they appear to have evolved to control opposite checkpoint mechanisms of mitotic entry. In Xenopus laevis, PRMT5 was also shown to regulate the stability of Xenopus Swe1 in a methyltransferase-independent fashion (102) . As opposed to budding yeast, where Hsl7 regulates the morphogenesis checkpoint, Xenopus PRMT5 is involved in the DNA replication checkpoint. Collectively, the available data indicate that the PRMT5-Wee1 regulatory module appears evolutionarily conserved, but has evolved to function in different cell cycle-dependent checkpoints in a species-specific manner.
The Hsl7-Swe1 module of budding yeast also appears to be sensitive to stress signals, including high osmolarity. Under osmostress conditions, Hsl1 phosphorylation by the stress-activated Hog1 kinase prevents Hsl7 localization to bud necks, leading to Swe1 accumulation and cell cycle arrest at G 2 (19) . Similarly, it was previously demonstrated that Skb1 expression in fission yeast is important for cell survival under conditions of hyperosmolarity (6) . Although the molecular mechanism by which Skb1 provides an adaptive response in S. pombe under osmostress conditions remains to be determined, evidence suggest that it may involve the methyltransferase activity of Skb1. In vitro assays using Skb1 that was immunopurified from extracts of cells that were previously subjected to high osmolarity indicate that the methyltransferase activity of Skb1 is stimulated under hyperosmotic conditions. As yet, this is the only report providing evidence that the methyltransferase activity of a PRMT is regulated in unicellular eukaryotes. In humans, stimulation of cells in culture by the nerve growth factor has been reported to increase the catalytic activity of PRMT1 (18) .
TYPE IV PROTEIN ARGININE METHYLTRANSFERASES
Most of the characterized protein arginine methyltransferases mediate the addition of methyl groups onto the guanidino () nitrogens of arginine residues of proteins (Fig. 1A) . Nevertheless, an unusual PRMT that catalyzes methylation of the delta (␦) nitrogen atom of arginines within proteins has been identified in S. cerevisiae (67, 109) . This arginine methyltransferase, designated Rmt2, is not essential for cell viability and accumulates in granulated and punctuated structures in both the nucleus and the cytoplasm of yeast cells, as determined by fluorescence microscopy (67, 68) . Interestingly, whereas the ability of budding yeast PRMT1 to modify protein substrates is not affected by translational inhibitors (101), Rmt2 appears to act on protein substrates in a cotranslational manner (67) . Therefore, it remains to be determined whether the nuclear pool of Rmt2 acts enzymatically. In vitro methylation assays using recombinantly expressed Rmt2 identified the large ribosomal subunit protein rpL12 as a substrate of this methyltransferase (16) . However, the association of Rmt2 with rpL12 and/or ribosomes, as well as the role of Rmt2 in ribosome function, remains elusive. The association between Rmt2 and specific nucleoporins was also recently demonstrated (68) . Without any functional data, however, the role of Rmt2 in biological activities related to the ribosome and the nuclear pore complex remains to be established.
Genes encoding products with significant amino acid identity to budding yeast Rmt2 are found in the genomes of Schizosaccharomyces, Aspergillus, Candida, Neurospora, and Cryptococcus species. Rmt2 does not appear to be conserved in protozoa, however, as genes similar to RMT2 were not found in Leishmania major, Trypanosoma brucei, Dictyostelium discoideum, and Toxoplasma gondii. Similarly, a protein with significant homology to yeast Rmt2 is not found in the human genome. However, Rmt2 does share a low degree of sequence similarity to the human guanidinoacetate N-methyltransferase (GMAT). The enzymatic activity of GMAT is responsible for SAM-dependent methylation of the ␦-nitrogen atom of guanidinoacetate into creatine, and therefore, the shortage in GMAT activity leads to creatine deficiency syndromes in humans (82) . Despite the existence of a human enzyme such as GMAT that specifically modifies the ␦-nitrogen atom of guanidine derivatives, the absence of a strong candidate for an Rmt2 homolog in protozoa and mammals suggests that a protein arginine methyltransferase with such an enzymatic activity has not been evolutionarily conserved.
PREDICTED PROTEIN ARGININE METHYLTRANSFERASES
Sequence alignments have permitted the identification and the characterization of several new PRMTs in different biological systems (5, 20, 26, 46, 83, 95) . Although there are inherent dangers in characterizing homologous proteins based solely on sequence alignments, such analyses are useful for the development of experimental validation to test for methyltransferase activity and function. This can lead to the potential identification of novel PRMT-like proteins in unicellular eukaryotes.
In addition to PRMT1, PRMT3, and PRMT5, other arginine methyltransferase-encoding genes can be identified in the genomes of certain unicellular eukaryotes. In both of the protozoans Leishmania major and Trypanosoma brucei, three genes (LmjF16.0030, LmjF06.0870, and LmjF03.0600 in Leishmania and Tb927.5.3960, Tb927.7.5490, and Tb10.70.3860 in Trypanosoma) encode putative PRMTs that demonstrate low sequence similarity to human PRMT6, PRMT7, and PRMT8, respectively. The genome of the soil-living amoeba Dictyostelium discoideum also contains two predicted protein arginine methyltransferaseencoding genes (DDB0219438 and DDB0217760) in addition to the genes for its PRMT1 and PRMT5 homologs (Table 1) . Interestingly, the amino-terminal domains of the putative PRMTs encoded by the Trypanosoma Tb10.70.3860 and the Dictyostelium DDB0217760 genes are predicted to contain a signal peptide sequence and a transmembrane helix, respectively. Because human PRMT8 is targeted to the plasma membrane via N-terminal myristoylation (46) , it appears that the Trypanosoma Tb10.70.3860, the Dictyostelium DDB0217760, and human PRMT8 genes have evolved different mechanisms for membrane localization. Predicted methyltransferases showing 31% and 26% amino acid sequence identity to human PRMT4 can also be found in the genomes of Cryptococcus neoformans and Toxoplasma gondii, respectively. Future studies with these predicted PRMTs will undoubtedly provide significant insights into the evolution of arginine methyltransferases and the roles performed by these enzymes in the biology of unicellular eukaryotes.
IS PROTEIN ARGININE METHYLATION DYNAMIC IN UNICELLULAR EUKARYOTES?
Circumstantial evidence over the past 40 years depicted arginine methylation as an irreversible posttranslational modification. The experimental evidence includes data that demonstrate similar half-lives of bulk histones and their methylarginine derivatives (13, 24) as well as the substantial metabolic cost of arginine methylation (12 ATPs for catalysis), making this modification energetically unfavorable if rapid turnover is needed (28) . Recent studies, however, have reported the identification of an enzymatic activity in mammalian cells that can convert methylarginines within histones to citrullines (22, 98) , consistent with the previous identification of citrullinated histones (35, 65) . Peptidylarginine deiminases (PADs), a family of enzymes that were previously characterized for the conversion of arginines within proteins to citrullines, are responsible for such modifications. Structures of PAD4 as determined by X-ray crystallography (1, 2) also suggest that the active site of this enzyme can accommodate arginine or monomethylarginine but not dimethylarginines. There are conflicting data about the ability of PADs to use monomethylarginine-containing substrates, however. A number of studies have indeed reported that arginine-methylated peptides, including methylated peptides derived from the N-terminal tail of histones, are poor substrates for PAD enzymes in vitro (39, 43, 77) . Hence, the reversibility of histone arginine methylation and the underlying mechanism by which it is turned over remain elusive.
PADs are apparently not evolutionarily conserved in unicellular eukaryotes. BLAST searches reveal PAD-encoding genes in mammals and some nonmammalian vertebrates (97) , including Xenopus and zebrafish, but not in unicellular eukaryotes. Therefore, it appears unlikely that PAD-dependent regulation of arginine methylation occurs in unicellular eukaryotes. In contrast, lysine demethylases have recently been identified in budding and fission yeasts that can reverse mono-, di-, and trimethyl lysines in histones (52, 84, 86) . Given the recent evidence that histone lysine methylation is regulated in a dynamic fashion in yeast, it is likely that protein arginine methylation is also actively controlled in unicellular eukaryotes.
PERSPECTIVES FOR FUTURE STUDIES
Future studies of PRMTs in unicellular eukaryotes will hopefully resolve some of the outstanding questions about the mechanism of action of these methyltransferases. First, it remains unclear whether the catalytic activity of PRMTs is regulated or constitutive. Although proteins with regulatory action toward PRMT1 in yeast (40) and mammals (54) have been reported, the biological significance of these proteins in any PRMT1-dependent function remains to be determined. The amenability of some unicellular eukaryotic model systems to genetic screens may also reveal novel regulatory pathways that control the methylation status of arginine methylated proteins. Last, whereas several methyl lysine-reading proteins have been identified (23) , much remains to be elucidated about effectors for arginine-methylated proteins. Such studies will surely further our understanding of the biological significance of protein arginine methylation and provide additional challenges and surprises about this evolutionarily conserved posttranslational modification.
